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V.

INTERPRETATION

Introduction

Total magnetic intensity disturbances or anomalies are
highly variable in shape and amplitude; they are almost
always asymmetrical, sometimes appear complex even
from simple sources, and usually portray the combined
magnetic effects of several sources. Furthermore, there
are an infinite number of possible sources which can
produce a given anomaly. The apparent complexity of
such anomalies is a consequence of the net effect of
several independent but relatively simple functions of
magnetic dipole behavior. With an understanding of
these individually simple functions however, and given
some reasonable assumptions regarding the geology,
buried object or whatever other source one is seeking
to understand, a qualitative but satisfactory interpreta-
tion can usually be obtained for most anomaly sources.

The interpretation, explanation and guide presented
here is directed primarily towards a qualitative interpre-
tation for both geological reasons as well as search
applications, i.e., an understanding of what causes the
anomaly, its approximate depth, configuration, perhaps
magnetite content or mass, and other related factors.
But even if qualitative information is derived from the
data, it is important to have applied a reasonable amount
of care in obtaining precise measurements. Quantitative
interpretations are possible, but are applied more to air-
borne data, entail relatively complex methods for depth
determination, and are the basis for a relatively large
body of literature on the subject, references to which
are given in the Manual.

An anomély represents a local disturbance in the earth's
magnetic field which arises from a local change in mag-

DIPOLE

netization, or magnetization contrast as it is termed. A
profile, for example over a very broad uniformly mag-
netic surface, although magnetic itself, will not exhibit
a magnetic anomaly as there is no local change in
magnetization. A local increase or even decrease on the
other hand would constitute such a change and produce
a locally positive or negative anomaly.

The observed anomaly expresses only the net effect of
the induced and remanent magnetizations which usually
have different directions and intensities of magnetization.
Since the remanent magnetization is so variable and
measurements of its properties seldom made, anomalies
are all interpreted in practice as though induced magnet-
ization were the total source of the anomalous effects.

Asymmetry

The asymmetrical nature of total field anomalies is pri-
marily a consequence of the directions of the field lines
of the locally created magnet or source and the earth’s-
field-component nature of a total field magnetometer in
the usually-inclined direction of the earth's magnetic
field. Recall that a total field magnetometer measures
only the component of any local perturbation which is
in the direction of the earth's magnetic field at that point.
Anomalies in the earth's field, whether created by induced
or permanent magnetization, exist as arrangements of
magnetic dipoles, monopoles (effectively), lines of dipoles
and monopoles and sheet-like distributions of such poles.
It is important therefore to understand the nature of the
dipole or monopole field as it will be shown that a sum-
mation of such elementary forms will explain the most
complex characteristics of anomalies and facilitate their
interpretation. Notice, for example in Figure 13, the con-
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Figure 13.
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Figure 14. Effect of Depth on Anomaly Width

figuration for such fields as they would appear if one
were to measure the direction of the anomalous field.

Depth Dependence

Another significant characteristic of a magnetic anomaly
is its variation with the depth between the magnetometer
and source, the deeper the source, the broader the
anomaly as expressed in Figure 14. It is this property
which enables one to determine the approximate depth
to the source independent of any other information con-
cerning the source. /f one familiarizes himself with only
one subject in this discussion on interpretation, it should
be the general characteristics of anomaly wavelength,
or width, as a function of depth. A knowledge of this
subject allows rapid and easy interpretation of anomalies
of interest when numerous anomalies arising from vari-
ous.depths appear in the observed total intensity profile.

Other Anomaly Shape Factors

Other factors which affect the anomaly shape and ampli-
tude are the relative.amounts of permanent and induced
magnetization, the direction of the former, and the
amount of magnetite present in the source compared
to the adjacent rocks. The actual configuration of the
source, that is, whether it is narrow, broad or long in
one dimension and its direction in the earth’s field, also
control the anomaly signature.

Geological Modeis

Geological anomalies are interpreted in terms of much
simplified geological models which very much facilitate
interpretation procedures. The first simplification is the
assumption that magnetization is uniform within some
elementary prismatic form and that the magnetization is
different outside this form, i.e., there is a magnetization
contrast. Typical of the kinds of geologic sources that
are assumed to cause anomalies are those which are
shown in Figure 15.
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As was stated, in any potential field method the given
magnetic signature can be produced by an infinite com-
bination of sources so that there is no unique interpreta-
tion. For example, the same anomaly could be produced
by the peculiar distribution of magnetite (unrealistic
geologically), and a uniform distribution of magnetite
within the prismatic form (realistic), both of which are
shown in Figure 16. It must be emphasized that not only
are simplifications required, but a reasonable geologic
framework must be used as a guide when considering
the various possible sources. A typical set of anomaly sig-
natures of various sources might appear as in Figure 17.

Elementary Dipoles and Monopoles

Since anomalies are explained herein in term of various
arrays of dipoles and monopoles, it is important to exam-
ine their geometry and intensity characteristics. A mag-
netic dipole produces a field with imaginary lines of flux
as shown in Figure 18. The intensity of the field, which
is proportional to the density of the flux lines is drawn
as lines of equal intensity to express this relationship.
From Figure 18, notice that 1) the intensity of the dipole
is twice as large off the ends of the dipole as it is at the
same distance off the side of the dipole. This explains,
for example, why the earth's magnetic field is approxi-
mately 30,000 gammas at the magnetic equator and
60,000 gammas at its poles; 2) the direction of the field
off the side of the dipole is parallel to the dipole itself,
but opposite in sense; 3) the direction of the tangent of
the field lines of a dipole are parallel along any radial
line from the dipole.

A monopole has field lines which point radially in or out
from the positive or negative monopole respectively. The
intensity is constant at a given distance and any direction
from a monopole. In actual fact, there are no magnetic
monopoles, but only dipoles whose ends are far apart.
For all practical purposes, however, monopoles exist in
terms of the distance to the source and such geological
configuration as shown in Figure 13.
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Figure 15. Geological Model Representations of Common Magnetic Anomaly Sources
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Figure 16. Possible Geologic Sources Producing Same Anomaly

Having outlined the qualitative geometry of the intensity
T from a dipole, the quantitative aspects can be con-
sidered as follows:

The intensity, T, from a dipole can be expressed as

T= @along the axis, i.e., off the end of the dipole,
r .

M

and T =— along a line at right angles to the dipole,i.e.,
r? off the side of the dipole,

D and for a monopole

T =ﬂ in any direction from a monopole, where

2
r

M = magnetic moment and r is the distance to the pole.

/ A more detailed mathematical formulation for the inten-
sity due to a dipole is given subsequently in this Chapter.

Simpiified Method for Total Field Signature

From the above description of a dipole and monopole
and with the knowledge of the earth’s-field-component-
nature of the total field magnetometer, it is possible to
sketch the signature of an anomaly for any given orien-
tation of the dipole (orientation caused by field direction,
the direction of remanent magnetization, or by the con-
figuration of the geology). it is helpful to draw such

LINES OF FLUX (ammeme)
AND
LINES OF EQUAL INTENSITY (== =)

FOR A DIPOLE signatures at various inclinations of the magnetic field
. to understand where the sources would be located with
Figure 18. respect to the signature, the dip of the magnetization

producing the anomaly, and even for information related
to the depth of the source. Remember that all anomalies
can be considered as caused by various distributions of
dipolar and monopolar sources and it is possible to
produce any anomaly simply by the super-position of
such dipole or monopole signatures derived here.
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Figure 17. Typical Anomalies for Simple Geologic Models
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Earth's Fleild Component Behavior

This method of predicting or drawing the anomaly sig-
nature depends upon one property of the field, namely,
inclination, and three properties peculiar to the dipole
or monopole source, whichever is assumed. The dip of
the earth's field is first considered because this is the
direction, the only direction, of the components of any
local magnetic anomalies which are measured by a total
ield magnetometer. (if one is using a vertical component

agnetometer, this guide still applies except that instead
of using the earth’s field as the direction of measurement,
simply use the vertical.) In other words, the magneto-
meter will only measure the component of a locai per-
turbation in this direction, i.e., as projected into this
direction. See Figure 20.

Dipoles vs. Monopoles vs. Arrays of Poles

The decision to use dipoles, monopoles, or other con-
figurations as the model is based upon the manner in
which the earth’s field induces a local field and this in
turn depends upon the configuration of the geologic
body which exhibits the magnetization contrast and the
direction of the field. For example, a long body which
nearly parallels the earth's field will tend to be magne-
tized along its long dimension. Furthermore, if the body
is sufficiently long with one end near the magnetometer,
the anomaly will appear as a monopole seeing only the
upper pole with the lower pole removed effectively to
infinity. If the same long, thin body were normal to the
field, it would then be magnetized through its thinest
dimension producing the sheet-like array of dipoles as
shown in Figure 19.

One may wish to draw on the typical models depicted
in Figure 15, the array of poles from a uniform earth's
field at various inclinations and orientations of the source.
Whether the monopoles or the dipoles (and its equiva-
lent line or sheet distributions) are close or far apart,
determines if the model is to be considered a dipole or
onopole, respectively (see, for example, Figure 34).

Configuration of Field Lines

The first property of the dipole or monopole which is to
be considered is the configuration of the field lines (see

Figure 13). When superimposed upon the component
which is measured by the total field magnetometer, it
can be seen that the relative lengths of the disturbance
vectors that are measured are those shown in Figure 21
for an induced dipole #7d monopole source. It is the
relative length of these disturbance vectors drawn along
the total field direction that is measured, each disturb-
ance vector, in turn, weighted by the intensity functions
described below.

Dipole and Monopole Fall-Off Factor

The next factor to be considered is the variation of
intensity with distance, i.e., 1/r3 and 1/r2 factors for the
dipole or monopole fields respectively and as expressed
in the preceding equations. The relative intensity for
dipoles or monopoles as a function of distance to their
centers as would be observed along a traverse is pre-
sented in Figure 22 and described mathematically under
“Anomaly Amplitude” below. This factor multiplies the
length of net vectors in Figure 21.

Dipole Factor-of-Two

The last consideration really only applies to the dipole
and that is a factor of 2 when one is off the end of the
dipole compared to a position off the side. In other
words, at a given distance, the intensity varies by a fac-
tor of 2 as a function of the angle between the radial
line to the dipole and the dipole axis. This function is
shown approximately in Figure 23 for the dipole used in
the example. The monopole possesses radial symmetry
and therefore requires no such consideration.

Application of Method

A dipole and monopole signature is thus constructed in
Figure 24. The amplitude is dimensionless, but can be
compared to a real anomaly by multiplying by a single
factor derived below from considerations of volume,
susceptibility, etc. However, applying these factors even
qualitatively should allow one to draw the dipole and
monopole signatures for variously inclined fields and
geometries. Figure 25, for example, is drawn free-hand
for anomalies in vertical field (90° inclination), magnetic
equator and mid-southern latitudes. By simply sketching
in the earth’s field direction and the dipole's field lines



Figure 20. Direction of Components Measured by Total Field Magnetometer
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Figure 21. Total Field Components of Tangent to Field Lines of Dipole and Monopole
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Figure 24. Dipole and Monopole Signatures {Constructed from Figures 20-23 according to methods described in text.)
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without consideration of the other last two factors, it is
possible to appreciate the basis for:

a negative anomaly over sources at the mag-
netic equator,

absence of anomalies in the central portion of
elongate N-S anomalies at the equator,

both positive and negative fields for almost any
anomaly,

changes in anomaly character for different direc-
tions of the dipole,

asymmetry of anomalies,

monopole which has only positive sense yet for
most inclinations still produces a total intensity
anomaly with both positive and negative
portions.

The simple exercise of drawing such anomalies may also
elucidate other characteristics of signatures, which to
many not familiar with magnetics or such behavior as
shown here, appear to be complex and difficult to
comprehend.

Based upon the above procedures, applied qualitatively,
and upon the manner in which lines of fiux are induced
in various configurations of geologic bodies and ambient
field directionsgind inclinations, it is possible to derive
the various signatures shown in Figure 26 (drawn free-
hand). By varying the effect of depth as it produces an
anomaly of longer wavelength, and by building com-
posite anomalies such as summing the effect of 2 faults
to create a single wide, shallow dike, it is also possible
to generate a composite curve demonstrating the effect
of different sources and different depths which is the
typical observation. \

Contour Presentation of Dipole and Prism Anomalies

Profiles of total intensity are usually the only form of
presentation from ground measurements even when data
are taken on a 2-dimensiona_l array. If measurements are
taken properly, however, it is possible to construct a
contour map by the methods described in Chapter IV.
It is therefore useful to examine a few special cases of
contour maps that would be expected over simple sources
such as a dipole and a wide, vertical prism in various
latitudes. Such a contour map also aliows one to extract,
even by simple inspection, how a given profile would
appear at various positions over such simple-shaped
forms which is useful information both in search and in
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Free Hand Sketch of Dipole and Monopole for Various Inclinations
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Figure 26. Anomalies for Geologic Bodies at Various Orientations and Different Inclinations of the Field
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geological exploration. Contour maps and selected
profiles drawn across the anomaly are sketched in
Figure 27.

Anomaly Ampilitude
Ampiitude Estimates for Common Sources

The large amplitude commonly observed anomalies
(several hundred gammas or larger) are almost always
the result of a large magnetization contrast, i.e., change
in lithology where one igneous rock is in juxtaposition
with another or with a sedimentary or metamorphic
rock of much lower susceptibility. It must be remembered
that magnetization of common rocks varies over 6 orders
of magnitude. Anomalies due to structure alone, i.e.,
varying configuration of a uniformly magnetized rock, sel-
dom produces anomalies larger than 10 or 100 gammas.

The relative amplitude of a given anomaly (signature)
has been shown to be a function of the earth's field
direction, the configuration of the source and the rem-
anent magnetization if any. The maximum amplitude of
an anomaly is, on the other hand, largely a function of
the depth and- the contrast in the mass of magnetite (or
iron, etc. in the case of search), and to a lesser extent,
the configuration of the source. It is of interest to be
able to estimate the maximum amplitude for a given
source in order to ‘model’ it for the sake of interpreta-
tion. This estimated amplitude can be used with the
normalized, i.e., dimensionless, anomaly signatures
above and in Figure 26 to produce the anomaly one
wishes for comparison with the observed. Estimation of
the maximum anomaly amplitude is also useful in plan-
ning a survey or planning the grid and coverage neces-
sary in search applications.

For a few generalized configurations, it is relatively
simple to estimate the maximum anomaly amplitude
(at a single point above the source) assuming a depth,
susceptibility and much simplified shape of the source.
Expressions are given in the literature for calculation of
anomalies of more complex figures and later in this
section the calculation of the complete signature, i.e.,
the amplitude as a function of distance along the pro-
file for a few -simple forms. The methods described
herein are merely order-of-magnitude techniques, but
are useful for the applications covered by the Manual.

Estimation of the maximum anomaly for comparison
with a given source requires first that the signature be
studied for the nature of the source; namely, whether
the source can be approximated as an isolated dipole,
monopole, or line or sheet-like array of such. In the
case of the latter two, adjacent traverses or a contour
map may be required to determine if it is 2-dimensional,
i.e., very long normal.to the traverse. A depth is then
assumed or crudely estimated (according to procedures
that follow). In addition, the susceptibility is assumed
or if source rocks are accessible, it is measured follow-
ing methods outlined in Chapter Vi. The formulae below
can then be used remembering that they are based
upon simplifications and assumptions and are often no
better than a factor of two.

The basic expression for estimating the maximum
amplitude of any anomaly is M

-T
where T is the anomaly, M the magnetic moment, r the
distance {depth) to the source, and n a measure of the

rate of decay with distance, or fall-off rate (n = 3 for a
dipole, n = 2 or a monopole, etc.).

Since the magneﬁ: moment M (and k) is usually given
in centimeter-gram-second (cgs) units, r must be in
centimeters, n is dimensionless and T is in gauss. To
express T in gammas, multiply M by 105; if r is in feet,
multiply r by 30 and raise the quantity 30r to the expo-
nent n, e.g., if the source is a dipole, then n = 3, and if

say, r = 2 feet, M = 1000 cgs,

- 5
then T %: 460 gammas .}

Dipole and Monopoie Signatures
in Vertical and Horizontai Fieids

The very generalized expression for the maximum anom-
aly one may expect from a dipole or monopole was pre-
sented above in its very simplest form. It may be of
interest, however, to construct the signature of a dipole
or monopole in a vertical or horizontal earth's field as
would be observed by a total field magnetometer along
a traverse over the source.

Apart from any total field considerations, a dipole has a
field with magnitude and direction given by the radial
and tangential components, T, and Ty, according to the
following expression and for the geometry shown.

_ 2M cos 7}

rJ

Tr

_ Msin 8

rJ

Where the earth's field is vertical or nearly vertical (dip
70° to 90°), the dipole, if induced, would also be vertical
and the total field magnetometer would measure the
component, T, , along this vertical direction, where

T, = Trcosb +Tgsinb

2M cos?8 - M sin?8

l,3

M (222 - x2)

(x2 + 22)5/2

Tp =

As before, Tz = Te=T, the anomaly.

Atx = 0, T= ZM
)
0.175M
at x = t2z, = 3
z
at x = t+/22, T=0
. -0.04M

at x = + 2z
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Figure 27. Contour Maps of Total Intensity
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For magnetic equatorial fields, the induced anomaly is
horizontal and the total field magnetometer would meas-
ure the components shown and expressed by

Tx = Trcosf+Ty sin 8
_ 2Mcos?6 - Msin?8

- M_(2x2 - z2)

(xZ + z2) 5/2

as before, Tx = Tg = T the total field anomaly, where,

=0'
at x _ M
T- s
. z
at x = ¥—,
2
v T=0
at x = 2z,
0.175 M
T=——
23
stx = %2z, 0.125 M
T=—
23

The monopole shown here has only radial components
whose intensity is expressed by

The monopole anomaly in a vertical field as measured
by a total field magnetometer would be the component
in the z direction (vertical) or

T; = Trcos@
_ Mcosb

'2

- Mz
(@+22) %

assigning T, = T, the anomaly

at x = 0,
.M
T—22
at x = %z
0.35 M
T=
22

at x = 22
0.09 M
T =

&£ 7
The monopole field in a horizontal field would be meas-
ured by a total field magnetometer as the horizontal
component, Ty where
Tx = Trsind

M
-—sin
2
Mx )

(x2 + 22)%,

Again, Ty = Tg =T, the anomaly, where

atx =0,
T=0
at x = z,
.3
T=-0 5M
22
atx = - 2,
.3
T = 0.35M
22
atx = 22,
T=_0.12M
z
at x = - 2z,
0.18M
T= 8
22

Maximum Ampiitude Given
Magnetization and Generaiized Form

The magnetic moment M is more usefully expressed as
M= IV

where | is the magnetization (i.e., magnetization contrast)
per unit volume and V the volume. This magnetization
is composed of a usually unknown proportion of rema-
nent magnetization, Iy, and induced magnetization |;.
The latter as expressed in Chapter Ill is

li = kF

where k is the magnetic susceptibility per unit volume
and F the earth's field or ambient inducing field. (NOTE:
Since I, is seldom known, an effective magnetization,
I = 1j+ |, will always be used. Also it is assumed that
k<102, i.e., the source under consideration contains
less than 10% magnetite; then one can ignore what is
known as demagnetization effects in the calculation of
anomaly amplitude).

Therefore, for a dipole which can always be assumed
for a source all of whose dimensions are small with
respect to the distance (less than 5 or V) to the
magnetometer,
kFV

3

M v
T X e— A ———
r3 r3 r
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If the source is approximately spherical, then
kF (+ 7R3)
r3

where R is the radius of the source as in Figure 28

T =

If the measurement is made along the axis of the dipole
(see Figure 29), then

2kF (% 7R3)

T

T=

r3

SUSCEPTIBILITY, k

g

Figure 28. Anomaly of Sphere in Horizontal Field

’

4 nR*
2ks=6 )
Ta X /7
)

SUSCEPTIBILITY, k

Figure 29, /il l
Anomaly of Sphere in Vertical Fiel F

As an example, consider an ore body 100 feet wide
(R = 50), 500 feet deep comprised of 10% magnetite
(k = 0.3), in a steeply dipping field (60° to 80° latitude)
in a field of 60,000 gammas:

ﬂ)(—sﬂ 3 = 14.4 gammas

. 4
T=2(0.10X03)X6X10 3 500

kF wR?

(NOTE: ALSO VALID FOR END OF N-S HORIZONTAL
CYLINDER IN HORIZONTAL FI%D)

For the same ore body in an equatorial field where F
= 30,000 gammas and the induced dipole is now observed
at a point on a line normal to the axis (no factor of 2)

T = - 3.6 gammas

Thus a given dipolar source in an equatorial field will
have only % the maximum anomaly amplitude it would
have in a polar region.

The above expressions are usually valid only for such
sources as a smalil distant ore body (containing magne-
tite), small structure in deep basement, or most objects
involved in search applications (see Chapter Vil). The
magnetization is expressed in gauss or gammas as
desired. Since the anomalies are also expressed in terms
of magnetic units, it follows that the units of dimension
in the numerator must be of the same order as the
denominator since they must cancel. Therefore, for a

dipole whose anomaly varies as l‘ (said to have a fall-
P
off of .1‘. ), the volume, V, has dimensions of R3. In the
-

case of a monopole, which varies as 1 , the magnetic
I,2

moment, M, is equal to |A where A is surface area and
has dimensions of R2. Consider for example, a vertical
basement intrusive in a polar region with an upper sur-
face 1000 feet in diameter at a depth of 5000 feet, with
asusceptibility contrast of 10-2in a field of 60,000 gammas.

Thus,
_ kF 7R?
B 2

2
= 10~ X 6 X 10° X 1r(—5-L = 18 gammas.
r

T 500

Horizontal prisms or cylinders also vary as r% , with

magnetic moment M equal to 2iA (iA for E-W horizontal
prisms in equatorial regions) where A is the cross-sec-
tional area of the prism (see Figure 30). (NOTE: The

long horizontal prism varies as l.znot because it appears
R :

to be comprised of a monopole, but because it is a line
of dipoles (in steeply dipping fields) and the effect of
adjacent dipoles along an infinitely long line is ‘seen’
more by the magnetometer at a distant point of measure-
ment than if all the magnetization were concentrated at
a point as in an isolated dipole).

2kF mR?
T

l”

(NOTE: ALSO VALID FOR E-W HORIZONTAL CYLINDER
IN HORIZONTAL FIELD)

Figure 30. Anomaly of Vertical and Horizontal Cylinders
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A narrow, vertical dike in steep field or the edge of a
horizontal sheet in a horizontal field can be considered
as a line of monopoles varying as 1/r which is a lower
rate of fall-off than a single monopole for the same
reasons given above for a horizontal cylinder (see Fig-
ure 31). The magnetic moment M = It where t = width of
dike. Since the anomaly varies as 1/r, the dimensions
of t are simply length. As an example, a vertical dike
might be 100 feet wide, at a depth of 500 feet, with
k = 10-3 in a field of 50,000 gammas, or
T - KFt 10-' X 5X 10° X 10°
r 5X 10°

o

= 10 gammas

kFt

r

WHERE t<r

F

Figure 31. Anomaly of Narrow Vertical Dike

A common point of ambiguity arises with such simplified
schemes as these in the case of a dike which is nearly
as wide as it is deep. In this case, the anomaly is approxi-
mated as something between a line of monopoles as
above and a sheet of monopoles as shown in the follow-
ing. Moreover, as the dike is even wider than its depth,
it can be approximated simply by 2 faulted contacts with
‘no anomaly' in between.

For a semi-infinite slab of material such as a rock sur-
tace of great thickness and breadth in a non-horizontal
field, the flux lines do not vary in direction or density
above the slab, therefore the field does not vary at ail
with distance to its surface (similar to the limit of the
spherical dipole above where R = r) so that

T =—M—=—2"—|',or T = 2n kF

r° 1

which is useful in estimating the magnitude of the anom-
aly at a vertical fault (see Figure 32). For example, con-
sider two rock types at a vertical contact of k = 10-3 and
k = 105 for an effective susceptibility contrast of k = 10-3
(105 » O relative to 10-3) and where F = 50,000 gammas.
Thus

T = 27X 10" X 5X 10° = 300 gammas

If the rocks had k = 10-4 and 103, the effective suscepti-
bility contrast would be

10-* - 10-* = 10X 10-* - 10-* = 9X 10 and

T=21X9X10° X5X10* = 270 gammas

This simple example of two adjacent rock types is prob-
ably applicable in more instances in interpretation than
any of the other geometries discussed above.

T = 2nkF

Figure 32. Anomaly of Semi-infinite Siab

Anomaly Depth Characteristics

In a very approximate fashion, the wavelength, or, effec-
tive width (or ‘half-width' described in the following) of
the anomaly and, with more accuracy, the width of cer-
tain characteristics of the anomaly such as slope, are
measures of the depth to its source. However, recogni-
tion of the anomaly, the anomaly ‘zero’ and certain slopes
would not only appear as different values as determined
by different interpreters, but they also depend upon
what is removed as the regional gradient. More objec-
tive criteria are used in some cases such as the nearly
straight portions of a slope, and distances and angles
between inflection points, peak values and other anomaly
characteristics.

Anomaly Width

In general, the anomaly width as shown in Figure 33 is
on the order of 1 to perhaps 3 times the depth. Thus,
when an anomaly appears to have a width as such of
100 feet, it is definitely not produced by a source at
1000 feet or at 10 feet, but more likely by a source be-
tween 30 and 100 feet deep (or distant). Such criteria,
approximate as it is, is nevertheless useful for cursory
interpretation of profiles and maps.

Anomaly Depth Estimation

Much is written on the variety and relative merit of meth-
ods for estimating the depth to the source of anomalies.
Since the magnetometer is primarily a tool for subsur-
face mapping and detection, it follows that determination
of the depth as well as edges of bodies is important in
its application to geological exploration and search. The
basis for depth determination is presented here in brief
which, together with the foregoing background on anom-
aly behavior, should allow one to at least appreciate
how a variation in depth affects an anomaly. In most
cases, one needs only to apply this knowledge quali-
tatively through visual inspection of a profile. Whatever
the requirement, depths may be estimated by visual
inspection, several rules of thumb, modeling (i.e., calcu-
lation of assumed source and comparison with observed),
measured gradient techniques (see Chapter VIIl), or
various computer-oriented procedures. As was demon-
strated earlier, a given anomaly could have an infinite
number of possible sources and source depths, but the
realistic models that are assumed usually produce maxi-
mum depth estimates.

Knowledge of the depth of a particular formation or
source may have considerable geological significance
as it determines the nature or configuration of a forma-
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Figure 33. Anomaly ‘Width’

tion, the slope of its surface and its discontinuities. The
depth to various points on the surface of crystalline rock
or magnetic basement allows one to map that surface
and its topography and structures to depths exceeding
30,000 feet and to infer thickness of sediments or con-
formable sedimentary structures above it for exploration
of petroleum, sedimentary ores, placer deposits or
groundwater. Areas underlain by pediment or other
sedimentary deposits may be ruled economic or non-
economic according to depth. The depth to ore deposits
associated with pyrrhotite, magnetite or ilmenite may
be estimated as an aid to a drilling program or even
for estimation of total tonnage of magnetic iron ore
deposits. Black sand deposits of rutile, zircon, monazite,
diamonds, gold, platinum, etc. are often associated with
other high density, very resistant yet magnetic minerals,
namely, magnetite or ilmenite. The depth to objects of
search whether buried iron or man-made structures is
invaluable in guiding the subsequent excavation efforts.

identification of Anomaly

The anomaly of interest must be identified and discrim-
inated against the obscuring effects of others. Recogni-
tion of the anomaly itself is usually the most difficult
aspect of depth determination because of the composite
effects of multiple sources, sources at various depths
and at various distances in any direction from the mag-
netometer. Only the net effect of all anomalies are meas-
ured by the magnetometer since it has no inherent
discrimination ability at the disposal of the operator. The
anomaly should be inspected to ascertain the probable
source and, if complex, the possible combination of
sources. For example, a wide, shallow dike will appear
as two anomalies which may or may not coalesce
depending upon the relative width and depth. A very
broad anomaly or regional gradient (described in Chap-
ter IV). is usually caused by anomalies which are ex-
tremely deep or distant or by the normal variation in the
earth's magnetic field. If one wishes to remove this
gradient, it can be done either by drawing a straight
line through the non-anomalous portions of the profile
(away from the anomaly of interest) or by drawing a
very smooth but broad wavelength curve through the
ldata of much longer wavelength than any anomalies
of interest. This regional gradient or background is then
subtracted from the anomaly and the remaining, or
residual anomaly, replotted. It is this anomaly which is
then interpreted for either depth or for amplitude or
general configuration of sources as described in
Chapter |IV.

Faii-Off Rate &

The variation of anomaly amplitude with distance, or
fall-off rate, is important in the interpretation of anom-
alies for it relates the anomaly to depth, it describes in
a general way the configuration of the source, and it

assists in determining susceptibility ang mass of the
causative magnetite. Recall that the anomaly from a

dipole varies as 1_3 and that of a monopole as 2l . The
r . r
fall-off rate, in actual practice, does not involve precisely

such factors or exponents but, in fact, is typically '21"5'%6

>

etc., or even__ as described above. In other words,
U]

r
various configurations of dipoles, monopoles, lines and
sheet-like distributions of these poles constitute a con-
tinuous series of fall-off rates even in the vicinity of a
single anomaly as one is much closer or further away
from the source.

Representing various geologic sources as simple pris-
matic bodies, one may assume the following fall-off
rates: a dipole will be produced by a source all of whose
dimensions are small (less than 1,, compared to the dis-
tance between the source and magnetometer). Such a
body is rarely seen in nature except as a very confined,
usually magnetite-rich ore body. A monopole varying as

.1Twill be produced by a long, thin, vertical prism, such
r

as a narrow vertical intrusive in steeply dipping fields
or a horizontal cylinder striking N-S in equatorial fields
(e.g., a N-S anticlinal structure on the basement, one
end of which is near the magnetometer). A line of di-
poles is produced by a long, horizontal cylinder mag-
netized through its short dimension as in steeply dipping
latitudes or striking E-W in equatorial regions. Such a

cylinder will also vary as 1 Alineof monopoles would
2
r
effectively be observed near one edge of a dike dipping
in the direction of the field and would vary approximately

as 1 .Ata p'oint above a horizontal semi-infinite sheet,

r
the field would vary inversely as - = 1, which is another
r
way of expressing the fact that the field does not vary
at all with distance from a horizontal semi-infinite sheet
of monopoles or dipoles. A wide vertical dike in a steep
tield or the edge of a fault might represent combinations
between a line of dipoles or sheet-like distribution of

monopoles and may thus vary as 1 oror less. Fig-
2 0.5
r re-

ure 34 indicates these variations.

Assumptions on Maximum Ampiitude
and Depth Estimates

Unless the remanent magnetization is actually measured,
it is generally disregarded, and only the induced magnet-
ization and susceptibility are utilized in these expres-
sions. The magnetic anomaly calculated from these
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Figure 36. Half-width Rules — Horizontal Field (Equatorial)

highly simplified expressions represents the maximum
amplitude from the local zero, non-anomalous field to
the positive peak value in the northern and sourthern
latitudes and to the minimum negative value in equa-
torial regions. It does not represent the peak-to-peak
value which includes both positive and negative portions
of the anomaly signature. The depth estimates derived
from any of the techniques described are seldom more
accurate than 10% of the actual depth and sometimes as
poor as 50%. By theory most of the estimates are maxi-
mum estimates so that the actual source will actually
be at a shallower depth. Moreover, the ‘poles’ or source
described frequently throughout their chapter are with-
in the geologic body or object of search and not simply
on the surface; therefore, such depths are again maxi-
mum depths.

Half-Width Rules

in vertical or horizontal fields, it can be shown, from
the previous expressions for dipoles and monopoles,
that for simple forms of anomaly sources, the depth to
their centers is related to the half-width of the anomaly.
The half-width is the horizontal distance between the
principal maximum (or minimum) of the anomaly (as-
sumed to be over the center of the source) and the
point where the value is exactly one-half the maximum
value (see Figure 35). This rule is only valid for simple-
shaped forms such as a sphere (dipole), vertical cylinder
(monopole), and the edge of a narrow, nearly vertical
dike (line of monopoles) in the polar regions. At the
magnetic equator, the haif-width rules are somewhat
different with the sphere remaining unchanged, an E-W
horizontal cylinder being a line of dipoles, a N-S cylinder
Reing a monopole, and the edge of an E-W striking
horizontal sheet representing a line of monopoles. The
rules presented in Figure 36 apply according to the
corresponding array of poles and in the case of the
latter two, the half width being the horizontal distance
between the point of maximum (or minimum) and zero
anomaly. The half width rules are derived from formulae
given above in “Dipole and Monopole Signatures in Ver-
tical and Horizontal Fields". P

Siope Techniques

Perhaps the most commonly used set of methods for
estimating depth are those which utilize criteria involving
the measurement of the horizontal gradient or slope at

the inflection points of the anomaly. Based upon empir-
ical observations utilizing computed models, these slopes
are measured according to the horizontal extent of the
‘straight’ portion of the slope (see Figure 37) or the
horizontal extent determined by different combinations
of the tangent or slope at the inflection point, maximum
of the anomaly and half slopes, etc. Each of these hori-
zontal distance measurements when multiplied by an
empirically-determined factor equals the depth to the
top of the anomaly source. (The straight-slope, for
example, is multiplied by a factor between 0.5 and 1.5).
Detailed explanations of these methods are available
in the references cited.

Z=KX, O05<K<15
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Figure 37.

Other Depth Estimating Methods

Modeling techniques require that one examine the
observed anomaly for its likely source configuration. A
model is assumed, the anomaly calculated, compared
with the observed and repeatedly altered until a satis-
factory fit to the observed data is finally achieved, with
such work usually performed on a computer. Other
computer-oriented depth estimating methods include
programs utilizing Fourier and Hilbert transforms, con-
volution and other semi-automated programs which are
usually applied to large volumes of data. Gradiometer
measurements made with sensors at two points usually
vertically arranged can also be used for depth estimates
(see Chapter VIIi).



32 APPLICATIONS MANUAL FOR PORTABLE MAGNETOMETERS

interpretation Summary

nterpretation is facilitated if one can thoroughly familiar-
Oze himself with how and why a given source produces
an anomaly in the earth’s field, the nature of total field
measurements and the general behavior of an anomaly
signature with increasing depth. What at first may have
appeared complex in the interpretation of field profiles
and maps is more readily understood when the above
phenomena are examined one at a time.

The first procedure that should be followed in the inter-
pretation of a given profile is to focus on the anomaly
width and shape and attempt to construct at least a
mental image of the source in realistic geologic terms
(or object in the case of search) and its depth. Use the
eye to discriminate against noise and the regional gra-
dient or filter by one of the suggested techniques.
Anomalous horizontal gradients should then be used,

for lack of any other specific criteria, as an indicator

of the edge of subsurface structures producing a mag-
netization contrast. Most anomalies on any given profile
or map represent a simple contrast in magnetization or
lithology, i.e., the edge of a body. Attempt to correlate
such features on adjacent lines or interpret them as
contacts on a total intensity contour map. The cessation,

displacement or interruption of otherwise long or con-
tinuous features may also represent significant geologic
structural informatign. However, one must realize also
that a magnetic sufvey is only able to map a contact
where there is a magnetization contrast so that, for
example, different lithologies on either side of a long
continuous fault will be mapped only in segments where
such contrasts occur.

Changes in the character of the short wavelength anom-
alies (noise) may also represent mappable information
if one is careful to evaluate their typical depth so as not
to be mapping irrelevant soil anomalies. Negative anom-
alies arising from features of locally lower magnetiza-
tion are as important geologically as the more common
positive anomalies. Furthermore, the most geologically
significant anomalies on a given map are probably the
more subtie ones and not necessarily the largest, most
prominent anomalies. Lastly, the total intensity profiles
and maps are not an end in themselves, but are rendered
usable only when expressed in terms of geology (or
objects of a search). The more geological information
one has (or size, magnetic or depth information for an
object of search) the more valuable the total intensity
data becomes and vice-versa.









